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(57) ABSTRACT 

A display apparatus Which has a mirror With a free curved 
re?ective surface of Which curvature ?uctuates With in?ec 
tion points, a liquid crystal display (LCD), a back light and a 
polariZer. Light of an image Which Was modulated by the 
LCD is re?ected by the free curved re?ective surface and 
passes through the polariZer. Then, the light is directed to an 
optical pupil. Since the curvature of the free curved re?ective 
surface ?uctuates With in?ectionpoints, curvature of ?eld and 
distortion can be corrected properly, and an image of high 
quality can be formed. 

15 Claims, 12 Drawing Sheets 
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OPTICAL SYSTEM AND DISPLAY 
APPARATUS 

This application is a divisional application of application 
Ser. No. 10/464,268, ?led Jun. 18, 2003, now US. Pat. No. 
7,136,228, issued Nov. 14, 2006, Which is based on Japanese 
Patent Application Nos. 2002-279806 and 2003-72110, the 
contents of Which are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to an optical system, and 

more particularly to an optical system comprising a free 
curved re?ective surface. The present invention also relates to 
a display apparatus, and more particularly to a display appa 
ratus Which is suited to be used as a head mounted type, Which 
is called an HMD (head mounted display). 

2. Description of Related Art 
Japanese Patent No. 3155341 (reference 1) discloses a 

display apparatus Which comprises an aspherical concave 
mirror of Which curvature in the plane of incidence of the 
optical axis is set such that a plane image can be formed. 
Consequently, on the display, images of high picture quality 
can be seen. 

US. Pat. No. 5,594,588 (reference 2) discloses a display 
apparatus Which comprises an aspherical concave mirror of 
Which curvature in a direction perpendicular to the plane of 
incidence of the optical axis is set such that distortion can be 
minimized. Consequently, on the display, images of high 
picture quality can be seen. 

Japanese Patent Laid Open Publication No. 1 1-95160 (ref 
erence 3) discloses a head mounted display apparatus Which 
comprises a half mirror and a polariZer Which is laminated on 
the half mirror. Thereby, the quantity of re?ected light is 
reduced. 

HoWever, the display apparatus of the reference 1 has a 
problem that correction of distortion is sacri?ced for the sake 
of achieving a plane image. More speci?cally, as FIG. 17 
shoWs, a rectangular image 500 is re?ected on a free curved 
re?ective surface 501 to be directed to an optical pupil 510, 
and a virtual image 505 is seen on the optical pupil 510 as a 
distorted image 505'. 

Also, the display apparatus of the reference 2 has a problem 
that correction of curvature of ?eld is sacri?ced for the sake of 
minimiZing distortion or a problem that resolution is loW. 
More speci?cally, as FIG. 18 shoWs, a rectangular image 500 
is re?ected on a free curved re?ective surface 502 to be 
directed to an optical pupil 510, and a virtual image 506 is 
seen on the optical pupil 510 as a rectangular image 506'. 
Distortion Was corrected, and the image 506 is rectangular. 
HoWever, the curvature of ?eld of the image 506' is large and 
more than 1 diopter, so that the image is dif?cult to see. With 
this free curved re?ective surface 502, if it is tried to correct 
curvature of ?eld as Well as distortion, the image 506' Will 
have a loW resolution and Will be blurred. 

In the display apparatus disclosed by the reference 3, a half 
mirror is used. Therefore, although the quantity of external 
light is reduced to a half, 25% of the quantity of light is 
re?ected to be directed to the eyes of an observer, Which 
makes the image dif?cult to see. Also, because only 25% of 
the quantity of light from the image is used, the image is dark. 
Further, because the light from the image is re?ected by the 
half mirror, the apparatus is large. 

Recently, various types of color image forming appara 
tuses have been developed and provided. Color image form 
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2 
ing apparatuses are generally divided into a color ?lter type 
and a ?eld sequential driving type. 

FIG. 1411 shows a screen on Which images A and B are 

displayed. FIG. 14b schematically shoWs display elements of 
the color ?lter type, and FIG. 14c schematically shoWs dis 
play elements of the ?led sequential driving type. 

In the color ?lter type, a red color ?lter R, a green color 
?lter B and a blue color ?lter B are provided for each pixel, 
and depending on the luminous balance of the three ?lters, a 
color image is formed. In this type of color image forming 
apparatus, because one dot is formed by use of three ?lters, a 
color shift in accordance With the pitch of the ?lters occur. 
The color shift is so small that it Will not be a practical 
problem in an apparatus Which enables an observer to see the 

formed image directly. HoWever, in an apparatus Which mag 
ni?es a formed image, such as an HMD, the color shift is also 
magni?ed, and the picture quality Will be loWered. 

On the other hand, in the ?led sequential driving type, as 
shoWn by FIG. 14c and as disclosed by Japanese Patent Laid 
Open. Publication No. 2001-117045 (reference 4) and Japa 
nese Patent Laid Open Publication No. 2001 -1 881 94 (refer 
ence 5), the illuminating light is sWitched among red, green 
and blue sequentially at a high speed, and synchronously, in 
each pixel, the light of red, the light of green and the light of 
blue are modulated in accordance With image signals of the 
respective Wavelengths. Consequently, a color image can be 
seen by an after image effect. As a modulating device, an LCD 
(liquid crystal display), a DMD (digital micromirror device) 
made by US. Texas Instruments Incorporated or other suit 
able devices can be used. 

In the ?eld sequential driving type, an image of R, an image 
of G and an image of B are formed in one pixel sequentially, 
and a color shift does not occur. When the color ?lter type and 
the ?eld. sequential driving type are to form images of the 
same resolution, the necessary number of pixels in the ?eld 
sequential driving type is one third of that in the color ?lter 
type. When the color ?lter type and the ?eld sequential driv 
ing type have the same displaying area, the siZe of each pixel 
of the ?led sequential driving type is three times as large as 
that of the color ?lter type, and the ?eld sequential driving 
type has a higher vignetting factor and can form brighter 
images. 

In an optical system for magnifying a formed image and 
displaying the magni?ed image, an optical element Which 
diverts a bundle of rays is necessary, and a refraction element 
or a re?ection element is used. With respect to diversions of 
bundles of rays by a refraction element, as FIG. 15 shoWs, a 
medium refracts a bundle of red rays R, a bundle of green rays 
G and a bundle of blue rays B at different angles because the 
medium has different refractive indexes to the respective 
Wavelengths of R, G and B. Thereby, chromatic aberration is 
caused. 

On the other hand, With respect to bends of bundles of rays 
by a re?ection element, as FIG. 16 shoWs, a re?ective element 
re?ects a bundle of red rays R, a bundle of green rays G and 
a bundle of blue rays B at the same angle, and chromatic 
aberration is not caused. Japanese Patent Laid Open Publica 
tion No. 5-303054 (reference 6) discloses a magnifying opti 
cal system Which uses a re?ective surface With this charac 
teristic. HoWever, the reference 6 merely discloses the 
magnifying optical system. 
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SUMMARY OF THE INVENTION 

An object of the present invention is to provide an optical 
system and a display apparatus Which can form an image of 
high picture quality by correcting both curvature of ?eld and 
distortion. 

Another object of the present invention is to provide a 
display apparatus Which is small and light, Which prevents 
incidence of external light and Which displays images of high 
picture quality. 

Further, another object of the present invention is to pro 
vide a display apparatus Which does not cause a color shift 
and Which is suited to be used as a head mounted display. 

In order to attain the objects, an optical system according to 
a ?rst aspect of the present invention comprises a free curved 
re?ective surface of Which curvature ?uctuates With in?ec 
tion points. 

In the optical system according to the ?rst aspect, since the 
curvature of the free curved re?ective surface ?uctuates With 
in?ection points, curvature of ?eld and distortion can be 
corrected properly, and images of high picture quality can be 
formed. 
A display apparatus according to a second aspect of the 

present invention comprises: a display device Which displays 
an image, and a magnifying optical system Which directs an 
image displayed by the display device to an observer’s pupil 
and Which enables the observer to see the image as a virtual 
image, and the magnifying optical system comprises a free 
curved re?ective surface of Which curvature ?uctuates With 
in?ection points. 
A display apparatus according to a third aspect of the 

present invention comprises a light source Which emits 
bundles of rays of different Wavelengths; an image forming 
device Which forms a color image by a ?eld sequential driving 
method in Which While the image forming device is illumi 
nated With the bundles of rays sequentially, the bundles of 
rays are modulated in accordance With the respective Wave 
lengths in each pixel of the image forming device; and a 
magnifying optical system Which re?ects the bundles of rays 
by the image forming device on a surface Which performs 
surface re?ection to direct the modulated bundles of rays to an 
observer’s pupil. 

In the display apparatus according to the third aspect, a 
color image is formed by a ?eld sequential driving method, 
and bundles of rays of different Wavelengths are modulated 
sequentially in each pixel. Therefore, a color shift does not 
occur. Also, the magnifying optical system is composed of 
only a surface Which performs surface re?ection, and chro 
matic aberration is not caused. Consequently, according to 
the third aspect, a display apparatus Which does not cause a 
color shift can be obtained. 

The surface Which performs surface re?ection may be a 
free curved re?ective surface of Which curvature ?uctuates 
With in?ection points like the one employed in the optical 
system according to the ?rst aspect. 
A display apparatus according to a fourth aspect com 

prises: a display device Which displays an image; a magnify 
ing optical system Which directs light of the image displayed 
by the display device to an observer’s pupil as a virtual image; 
and a polariZer Which is located betWeen the magnifying 
optical system and an optical pupil of the magnifying optical 
system. In the display apparatus, the magnifying optical sys 
tem is composed of one re?ective surface, and the light of the 
image emitted from the display device is linearly polariZed 
light. Further, the polariZer is arranged so as to transmit the 
linearly polariZed light. While unnecessary external light is 
cut by the polariZer, a bright image can be displayed. 
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4 
BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and features of the present inven 
tion Will be apparent from the folloWing description With 
reference to the accompanying draWings, in Which: 

FIG. 1 is a schematic vieW of an optical system according 
to a ?rst embodiment of the present invention; 

FIG. 2 is a graph Which schematically shoWs the shape of a 
free curved re?ective surface Which is used in the optical 
system according to the ?rst embodiment; 

FIG. 3 is a vieW of an optical path Which shoWs correction 
of curvature of ?eld and distortion Which are caused by the 
free curved re?ective surface; 

FIG. 4 is a schematic vieW of a display apparatus according 
to a second embodiment of the present invention; 

FIG. 5 is a schematic vieW of a display apparatus according 
to a third embodiment of the present invention; 

FIG. 6 is a schematic vieW of a display apparatus according 
to a fourth embodiment of the present invention; 

FIG. 7 is a schematic vieW of a display apparatus according 
to a ?fth embodiment of the present invention; 

FIG. 8 is a schematic vieW of a display apparatus according 
to a sixth embodiment of the present invention; 

FIG. 9 is a schematic vieW of a display apparatus according 
to a seventh embodiment of the present invention; 

FIG. 10 is a schematic vieW of a display apparatus accord 
ing to a eighth embodiment of the present invention; 

FIG. 11 is a schematic vieW of a display apparatus accord 
ing to a ninth embodiment of the present invention; 

FIG. 12 is a schematic vieW of a display apparatus accord 
ing to a tenth embodiment of the present invention; 

FIG. 13 is a schematic vieW of a display apparatus accord 
ing to a eleventh embodiment of the present invention; 

FIGS. 1411, b and c are illustrations of a color display 
apparatus, FIG. 1411 showing a model of color images and 
FIGS. 14b and 140 shoWing light modulating elements; 

FIG. 15 is an illustration Which shoWs diversions of 
bundles of rays by refraction; 

FIG. 16 is an illustration Which shoWs diversions of 
bundles of rays by re?ection; 

FIG. 17 is an illustration Which shoWs distortion occurring 
in a conventional display apparatus; and 

FIG. 18 is an illustration Which shoWs curvature of ?eld 
occurring in a conventional display apparatus. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Optical systems and display apparatuses according to pre 
ferred embodiments of the present invention are described 
With reference to the accompanying draWings. 

First Embodiment; See FIGS. 1 and 2 

FIG. 1 shoWs an optical system 100 according to a ?rst 
embodiment of the present invention. The optical system 100 
comprises a mirror 102 With a free curved re?ective surface 
10211. The numeral 101 denotes an image surface, and the 
numeral 103 denotes an optical pupil. 
When the optical system 100 is used as an image pickup 

system, light coming from the optical pupil 103 is re?ected by 
the free curved re?ective surface 10211 to be imaged on the 
image surface 101, and the image is picked up by an image 
pickup device. When the optical system 100 is used as an 
observing system, light on the image surface 101 such as light 
displayed on a liquid crystal display (LCD) etc. is re?ected by 
the free curved re?ective surface 102a to be directed to the 
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optical pupil 103. The light incident to the optical pupil 103 is 
directed to an observer’s eyes, and thereby, the observer can 
see a virtual image. 
The shape of the free curved re?ective surface 10211 is 

de?ned by the following polynomial (1). According to the 
?rst embodiment, the constants shoWn by Table l are used. 

Crz s5 Polynorninal (l) 

5 

6 
The points a', b' and c' on a curved surface are points Which 

receive the principal rays coming from three points a, b and c 
on an image surface, respectively, and the respective dis 
tances betWeen the points a and a', b and b', and c and c' are La, 
Lb and Lc. The curvatures on the yZ section of the surface at 
the points a', b' and c' are Ra, Rb and Rc. The center of the 
pupil is P. 

First, in order to enable an observer to see a virtual image 
Without curvature of ?eld, the folloWing condition must be 

Z : i + SQRT[1 - (i +k)c2r2] + Cjxmy 10 ful?lled according to the NeWton’s formula. 

j: [(m+n)2 +m+3n]/2+l 
z: sag of surface in parallel to z direction l/Lax (Ra/2)/(Ra/2 + La) (1) 

c: curvature at vertex 15 = l/Lb>< (Rb/2)/(Rb/2 + Lb) 

k: conic constant = 1/LC>< (RC/2)/(RC/2 + LC) 

Cj: coef?cient of Wyn 

In order to enable an ob server to see a virtual image Without 
distortion as Well as Without curvature of ?eld, the sections of 

TABLE 1 

First Enbodiment 

C 0 

free curved Y -1.93E-01 X2 —1.31E—02 Y2 —1.25E—02 
re?ective X2Y —4.24E—05 Y3 -2.34E-05 X4 —3.86E—06 
surface X2Y2 —7.48E—06 Y4 —1.16E—06 X4Y 5.07E-08 
(axially X2Y3 -3.75E-07 Y5 —4.41E—09 X6 1.12E-08 
asymmetric X4Y2 8.33E-08 X2Y4 3.66E-09 Y6 —1.48E—09 
aspherical surface) X6Y 4.95E-l0 X4Y3 8.87E-09 X2Y5 2.43E-09 

X6Y2 —4.75E—l0 X4Y4 1.08E-l0 X2Y6 —l.75E-ll 
X6Y3 —7.54E—11 X4Y5 —1.79E—11 X6Y4 —4.86E—12 
X4Y6 1.44E-12 

In the ?rst embodiment, because CIO, the reference cur- the curved surface at a plane including a line section a'P, at a 
vature is in?nite, that is, the surface is plane. However, the plane including a line section b'P and at a plane including a 
reference curvature may be ?nite, The free curved re?ective line section c'P must be similar to each other. In order to meet 
surface 102,; is asymmetric in a direction parallel to the plane 40 this condition and in order to prevent astigmatic differences in 
ofincidence Of the Optical axis (XIO) and is Symmetric with the vertical direction and in the horizontal direction at the 
respect to the plane of incidence of the optical-axis in a Pelms a'> b‘ and e' so as to lnhlblt the reselunen from beeem' 
direction perpendicular to the plane of incidence of the opti- mg lower’ the fenewmg eendmen must be ful?lled 
cal axis. Unlike an axially symmetric optical system, a free RFRrFRC (2) 

. . . 45 

Curved re?ecnye Surface (.1065 not have a ?xed opncal axls’ From the expressions (1) and (2), the folloWing expression 
and here, the line connecting the center of the rmage surface is derived 
101 to the center of the optical pupil 103 is de?ned as the ' 
optical axis Q (see FIG. 2). LaILbILC (3) 

FIG. 2 schematically shoWs the shape of the free curved 50 In conventional optical systems, even When a free curved 
re?ective surface 10211. The curvature of the surface 102a surface is used as a re?ective surface, as Well as When a 
?uctuates With in?ection points. When the curvature of the spherical surface or an aspherical surface is used, varying the 
surface 10211 in the y direction in the plane of incidence of the curvature of the re?ective surface gradually is not enough to 
optical axis is shoWn in the y coordinate on the optical pupil meet the conditions (2) and (3). 
103, a CHI'Ve With in?ection PointS at a Pitch P is draWn- 55 The curvature of the re?ective surface is varied With in?ec 
Now referring to FIG, 3, the advantage deriving from the tion points (the curvature is getting larger and getting smaller 

feature of the present invention that the curvature of the free repeatedly) SO that the re?ective Surface Will meet the Condi 
curved re?ective surface ?uctuates With in?ection points is tlOIlS (2) and (3) Thereby, cul'Vatllfe of?eld and dIStOItlOIl Can 
described. In the folloWing, axially asymmetric optical sys- he 001T ected, and Images ofhlgh PlCtUIe quahty and Wlth hlgh 
tems according to preferred embodiments of the present 60 resolution Can he Seen 
invention Will be described. HoWever, the advantage deriving A curved re?ective surface according to the present inven 
from this feature can be obtained also in axially symmetric tion is composed of curved surfaces With curvatures Which 
optical systems, and here, a case of using an axially symmet- meet the condition (2), and the curvatures determine local 
ric re?ective surface in an observing system is described. poWers. These curved surfaces are connected to each othervia 
FIG. 3 is a schematic virtual vieW to simplify the description, 65 curved surfaces With a smaller or a larger curvature. There 
and the actual curvature and the actual shape are different 
from those in FIG. 3. 

fore, at portions of the curved surfaces With a smaller or a 
larger curvature, the resolution Will be Worse. HoWever, if the 
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curved re?ective surface has in?ection points at a smaller 
pitch p than the effective pupil, the aberration of the light 
more than a half of the Whole light Which is coming from the 
curved re?ective surface to the effective pupil is corrected, 
and therefore, the resolution can be inhibited from becoming 
loWer. 

Also, When display means Which displays an image pixel 
by pixel, such as a liquid crystal display, is used, it is not 
necessary to keep high resolution continuously, and distortion 
and curvature of ?eld can be corrected more effectively. 
As has been described, this arrangement gives the above 

described-bene?t to axially symmetric re?ective surfaces. 
HoWever, When this arrangement is applied to an axially 
asymmetric re?ective surface, the bene?t is more remarkable. 

Further, an effective pupil means, in an image pickup sys 
tem, the entrance pupil used for image pickup. In an observ 
ing system, the effective pupil means the pupils of an 
observer, and if the pupils of an observer are larger than the 
optical pupil, the effective pupil means the optical pupil. 

According to the ?rst embodiment, in an observing system, 
the effective pupil is 3 mm, and the pitch p is 2.5 mm. The 
optical pupil 103 is large, and speci?cally has a dimension of 
12 mm in the x direction and a dimension of 6 mm in the y 
direction, so that an observer can see an image easily. The 
pupils of human beings are generally about 3 mm. 

The pitch p of the in?ection points of the curved re?ective 
surface is larger in the peripheral portions because less quan 
tity of light re?ected at the peripheral portion is used in the 
effective pupil. In other Words, the curved re?ective surface 
has, in the center portion around the optical axis Q, in?ection 
points at a smaller pitch than the effective pupil, and in the 
peripheral portions, the curved re?ective surface has in?ec 
tion points at a larger pitch than the effective pupil. 
When an observer sees an image displayed on display 

means, there may be the folloWing problems: the contrast of 
the image is loWered because of incidence of external light; or 
the picture quality is loWered because of stray light. 

In the folloWing, in order to provide a display apparatus 
Which cuts external light, Which is small and light and Which 
displays an image of high quality, display apparatuses accord 
ing to a second embodiment and a third embodiment are 
described. 

Second Embodiment; See FIG. 4 

A display apparatus 120A according to the second embodi 
ment of the present invention comprises the above-described 
optical system 100 according to the ?rst embodiment of the 
present invention. In FIG. 4, the numeral 121 denotes a light 
transmitting type liquid crystal display (LCD), the numeral 
122 denotes a back light, and the numeral 123 denotes a 
polarizer. 

The LCD 121 modulates light emitted from the back light 
122 in accordance With image data and displays an image 
With a polarization in a direction shoWn by arroW “A”. The 
image light is re?ected by the free curved re?ective surface 
102a and passes through the polarizer 123 Which has a trans 
mitting axis in a direction shoWn by arroW “B”. Then, the light 
is directed to the optical pupil 103. The light on the optical 
pupil 103 is partly or entirely incident to the eyes of an 
observer, so that the observer can see the image as a virtual 
image. 

The entire display apparatus 120A except the polarizer 123 
is arranged in a case 129, and unnecessary external light is 
shut out. Because the polarizer 123 absorbs light coming from 
directions perpendicular to the direction B, the polarizer 123 
transmits only a half of the quantity of light coming from 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
outside. Thus, the quantity of external light incident to the 
display apparatus 120A is very small. Also, since the polar 
izing directionA of the LCD 121 and the polarizing direction 
B of the polarizer 123 correspond to each other, the image is 
not dark. 

Third Embodiment; See FIG. 5 

FIG. 5 shoWs a display apparatus 120B according to the 
third embodiment of the present invention. The display appa 
ratus 120B is basically of the same structure as the display 
apparatus 120A according to the second embodiment, and the 
display apparatus 120B further comprises a quarter-Wave 
plate 124 provided on a front surface of the LCD 121 and a 
quarter-Wave plate 125 provided on a back side of the polar 
izer 123. 
The quarter-Wave plate 124 is located betWeen the free 

curved re?ective surface 102a and the LCD 121, and the 
quarter-Wave plate 125 is located betWeen the free curved 
re?ective surface 102a and the polarizer 123. The quarter 
Wave plates 124 and 125 do not need to be bonded or stuck 
respectively on the front surface of the LCD 121 and on the 
back side of the polarizer 123. 
The quarter-Wave plate 124 changes linearly (in the direc 

tion A) polarized light into clockWise polarized light. The 
quarter-Wave plate 125 changes counterclockWise polarized 
light into linearly (in the direction B) polarized light. More 
speci?cally, the linearly (in the direction A) polarized light 
emitted from the LCD 121 is changed into clockWise polar 
ized light by the quarter-Wave plate 124, and the clockWise 
polarized light is re?ected by the free curved re?ective sur 
face 102a and turns into counterclockWise polarized light. 
The counterclockWise polarized light is changed into linearly 
(in the direction B) polarized light by the quarter-Wave plate 
125, and the linearly polarized light passes through the polar 
izer 123. 
The quarter-Wave plates 124 and 125 are arranged such that 

the direction B of the second linear polarization Will corre 
spond to the direction A of the ?rst linear polarization, and 
thereby, even if the respective phases shift more or less, 
suf?cient polarizing performance can be achieved. 

In the third embodiment, the quarter-Wave plates 124 and 
125 are provided for the purposes of minimizing the in?uence 
of external light and of preventing a double image. 

In the structure of the second embodiment shoWn by FIG. 
4, a half of the quantity of external light passes through the 
polarizer 123 and re?ected in the polarizer 123. Then, 
because the direction of polarization does not change, the 
re?ected light passes through the polarizer 123 and emerges 
outside toWard the optical pupil 103. Consequently, unneces 
sary light is incident to the optical pupil 103. 

In the third embodiment, the quarter-Wave plate 125 is 
provided. In the structure, external light Which has come 
inside through the polarizer 123 further passes through the 
quarter-Wave plate 125 and re?ected thereby. Then, When the 
re?ected light is to emerge outside through the polarizer 123, 
the light has passed through the quarter-Wavelength 125 back 
and forth. Thereby, the direction of polarization is turned at 90 
degrees. Consequently, the light is absorbed by the polarizer 
123 and does not emerge outside (toWard the optical pupil 
103). 

This bene?t of minimizing the in?uence of external light 
can be obtained by providing the quarter-Wave plate 125 
betWeen the free curved re?ective surface 102a and the polar 
izer 123. Also, by providing the quarter-Wave plate 124 as 
Well as the quarter-Wave plate 125, the image is prevented 
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from being darker in addition to achieving the bene?t of 
minimizing the in?uence of external light. 

In the structure of the second embodiment, the image light 
emitted from the LCD 121 is partly re?ected by the side of the 
polarizer 123 Which is closer to the optical pupil and is further 
re?ected by the other side of the polarizer 123. Then, the light 
Which has been re?ected in the polarizer 123 tWice emerges 
outside through the polarizer 123, and consequently, a double 
image is caused. 

In the structure of the third embodiment comprising the 
quarter-Wave plates 124 and 125, hoWever, especially When 
the quarter-Wave plate 125 is bonded or stuck on the back side 
of the polarizer 123, the light Which has been re?ected by the 
side of the polarizer 123 Which is closer to the optical pupil is 
re?ected by the side of the quarter-Wave plate 125 Which is 
closer to the re?ective surface 102. The light Which Was 
re?ected by the side of the polarizer 123 Which is closer to the 
optical pupil and came to the side of the quarter-Wave plate 
125 Which is closer to the re?ective surface 125 has passed 
through the quarter-Wave plate 125 back and forth, and there 
fore, the direction of polarization has turned at 90 degrees. 
Consequently, the light is absorbed by the polarizer 123, and 
a double image does not occur. 

Fourth Embodiment; See FIG. 6 

FIG. 6. shoWs a display apparatus 120C according to a 
fourth embodiment of the present invention. In the display 
apparatus 120C, a prism 200 is used. The numeral 210 
denotes an LCD, and the numeral 220 denotes an optical 
pupil. Image light displayed on the LCD 210 is incident to the 
prism 200 through an entrance surface 201. The light is 
entirely re?ected by a surface 202 and further re?ected by a 
free curved re?ective surface 203 of Which curvature ?uctu 
ates With in?ection points. Then, the light passes through the 
surface 202 and is incident to the optical pupil 220. An 
observer receives the light of the optical pupil 220 on his/her 
oWn pupils and sees a virtual image. 

In the fourth embodiment, the entrance surface 201 and the 
surface 202 of the prism 200 are free curved surfaces. HoW 
ever, the surfaces 201 and 202 may be planes or spherical 
surfaces. 

Fifth Embodiment; See FIG. 7 

FIG. 7 shoWs a display apparatus 120D according to a ?fth 
embodiment of the present invention. The display apparatus 
120D is of a head mounted type, and the display apparatus 
120A according to the second embodiment is installed in a 
case 301. The case 301 is held before the eyes ofan observer 
by a forehead pad 302 and a holder 303. 

The display apparatus installed in the case 301 may be the 
one according to the ?rst embodiment or the one according to 
the third embodiment as Well as the one according to the 
second embodiment. 

Next, display apparatuses according to a sixth through an 
eleventh embodiments of the present invention Which do not 
cause chromatic aberration and Which are suited to be used as 
a head mounted type are described. 

Sixth Embodiment; See FIG. 8 

FIG. 8 shoWs a display apparatus 1A according to the sixth 
embodiment. The display apparatus 1A comprises a light 
source unit 2, an image forming device 10 and a magnifying 
optical system 20. 
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The light source unit 2 comprises light emitting diodes 3R, 

3G and 3B, a planar illuminating mirror 4 and a diffusing 
plate 5. The light emitting diodes 3R, 3G and 3B emit a bundle 
of red rays, a bundle of green rays and a bundle of blue rays, 
respectively, sequentially at speci?ed intervals. Each of the 
bundles of rays is re?ected by the illuminating mirror 4 and 
illuminates the image forming device 10 via the diffusing 
plate 5. 

In the image forming device 10, a light-transmitting type 
LCD is used as a light modulating device. Each of the pixels 
of the LCD is illuminated by the bundles of rays With different 
Wavelengths emitted from the light emitting diodes 3R, 3G 
and 3B sequentially and modulates the respective bundles of 
rays in response to the different Wavelengths. In this Way, the 
image forming device 10 forms a color image by a ?eld 
sequential driving method. More speci?cally, the light modu 
lating device, in synchronization With emitting of bundles of 
rays from the respective light sources 3R, 3G and 3B, forms 
monochromatic images at speci?ed intervals at a high speed. 
Consequently, an observer can see a color image by an after 
image effect. 
When an image is formed by a ?eld sequential driving 

method, each pixel displays R, G and B images sequentially, 
and therefore, essentially, a color shift is not caused. Also, 
compared With a color ?lter type, the vignetting factor is 
large. 
The magnifying optical system 20 is composed of a con 

cave re?ective mirror coated With metal 21. The light modu 
lated by the image forming unit 10 is re?ected by the concave 
re?ective mirror 21 to be directed to the pupils P of an 
observer. Because the bundle of red rays R, the bundle of 
green rays G and the bundle of blue rays B are diverted by the 
re?ective surface at the same angle (see FIG. 16), chromatic 
aberration does not occur. 

In the sixth embodiment, the concave re?ective mirror 21 is 
an axially asymmetric aspherical surface, and the position 
and the construction data thereof Will be shoWn in Table 2 
later. The axially asymmetric aspherical surface of the re?ec 
tive mirror 21 is of the same shape of the free curved re?ective 
surface 10211 in the ?rst embodiment. 

Seventh Embodiment; See FIG. 9 

A display apparatus 1A' according to the seventh embodi 
ment of the present invention is basically of the same structure 
as the display apparatus 1A according to the sixth embodi 
ment. In the display apparatus 1A', a polarizer 123 Which Was 
described in connection With the second embodiment is pro 
vided betWeen the magnifying optical system 20 and the pupil 
P. 
The entire of the display apparatus 1A' except the polarizer 

123 is encased, and the function of the polarizer 123 and the 
bene?ts obtained thereby are the same as described in con 
nection With the second embodiment. 

Eighth Embodiment; See FIG. 10 

FIG. 10 shoWs a display apparatus 1B according to the 
eighth embodiment of the present invention. In the image 
forming device 10 of the display apparatus 1B, a re?ective 
type LCD is used as a light modulating device. The other 
components of the display apparatus 1B are the same as those 
of the display apparatus 1A according to the sixth embodi 
ment. In FIG. 10, these components are provided With the 
same reference numerals provided in FIG. 8, and the descrip 
tions of these components are omitted. In the eighth embodi 
ment, the concave re?ective mirror 21 is axially asymmetric 
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aspherical surface, and the position and the construction data 
thereof are the same as those of the re?ective mirror 21 in the 
sixth embodiment and Will be shoWn in Table 2 later. 

In the eighth embodiment, since a re?ective type LCD is 
employed in the image forming device 10, the use of an 
illuminating mirror 4 is no longer necessary. Thus, the light 
source unit can be structured compact. The use of a diffusing 
plate 5 is optional. 

Also, the light emitting diodes 3R, 3G and 3B can be 

12 
of a concave re?ective mirror 23. The concave re?ective 

mirror 23 is an rotational symmetric aspherical surface, and 
the position and the construction data thereof Will be shoWn in 
Table 4. 

The display apparatus 1D comprises the other components 
of the display apparatus 1A according to the sixth embodi 
ment. In FIG. 13, these components are provided With the 
same reference numerals as those in FIG. 8, and the descrip 
tions thereof are omitted. These components function in the 

positioned farther from the pupils of an observer, and an 10 d b . th b ?t d .b d . 
observer can ?t the display apparatus 1B on his/her head Sam? Way_an “,ng 6 Sam? ene S as escn e In Con 
comfonably nect1on W1th the sixth embodiment. 

_ _ De?nition, Position and Construction Data of Concave 
Ninth Embodiment, See FIG. 11 15 Re?ective Surface 

Adisplay apparatus 1B‘ according to the ninth embodiment d. Tllle concavet re?ecnve nor: ztlhwhlcltlhai?ruseil? ?tl? 
of the present invention is basically of the same structure as 15% a5]. apptara uses eiclclor mg 0 t .e SIX h . olug fen 
the display apparatus 1B according to the eighth embodiment. em 0 lmen S are a.X1a y asymme no as}? enca SUI acés 
In the display apparatus 1B,’ a polarizer 123 which Was (free curved re?ective surfaces). The‘ ax1ally asymmetric 
described in connection With the second embodiment is pro- 20 asplllincalt Suffice? are dé?lnlfd bi addmon .ofaélhxgggolyliw 
videdbetWeen the magnifying optical system 20 and the pupil mla . O .21 en p0 ynomla maze on a Come’ . e . p0 y 
P. Further, a quarter-Wave plate 124 Which Was described in nomlal l.s.developed W1th X y.‘ The polynomlal (1) 15 used‘ 
connection With the third embodiment is provided in front of The pqsmon and the? construcnondata Oflhe Concave re?ec 
the image forming device 10 and a quartepwave plate 1251s t1ve mirrors 21 Wh1ch are used in the sixth through n1nth 
rovided on the back Side Of’the Olarizer 123 25 embodiments are shoWn in Table 2 beloW, and the position 

p The entire Ofthe dis 1a a argtus 1B, exce 't the Olarizer and the construction data of the concave re?ective mirror 21 
123 is encased and ?ije golggzer 123 and th: quarlzepwave Which is used in the tenth embodiment are shoWn in Table 3 
plates 124 and 125 function in the same Way and bring the belOW' _ _ _ _ _ 
same bene?ts as described in connection With the third The Concave re?ecnve mlrror 23 Whlch 15 used In the 
embodiment 30 eleventh embodiment is a rotational symmetric aspherical 

surface and is de?ned by the folloWing polynomial (2). The 
Tenth Embodiment; See FIG 12 position and the construction data of the concave re?ective 

mirror 23 Which is used in the eleventh embodiment are 

FIG. 12 shoWs a display apparatus 1C according to the shown In Table belOW' _ 
tenth embodiment of the present invention. In the display 35 The constructlon data shown In Table 2, Table 3 and Table 
apparatus 1C, the magnifying Optical system 20 comprises a 4 are values in a global coordinate system of Which origin is 
concave re?ective mirror 21 and a plane mirror 22_ The dis_ the center of pupil. The optical axis from the center of pupil to 
play apparatus 1C comprises the other components of the the re?ective surface is Z, the vertical direction isY, and the 
display apparatus 1 A according to the sixth embodiment, and horiZontal direction perpendicular to theY direction is X. The 
in FIG' 12, these Components are provided with the Same 40 positions of each surface in the respective directions X,Y and 
reference numerals as those in FIG, 8, Z are shoWn. The unit is millimeter. The slants of each surface 

In the tenth embodiment, the concave re?ective mirror 21 When the axes X, Y and Z ar e SUPPOSed to be mfee Ofretatien 
is axially asymmetric aspherical surface, and the position and are Shown by A, B and C, re5Peet1Ve1y~ The 111m 15 degree 
the construction data thereof Will be shoWn in Table 3 later. 

The display apparatus 1C according to the tenth embodi- 45 01,2 4 6 8 Polynominal(2) 
ment operates in the same Way and brings the same bene?ts as Z : 1 + SQRT(l _ (1 + balm) + M + Bh + Ch + 

described in connection With the sixth embodiment. More- D hi0 + Ehiz + M14 + Chm + Hhis + M20 
over, since the image light is re?ected by the plane mirror 22, 
the light source unit 2 can be positioned farther from the Z: Sag of Surface in Parallelto 1 direction 

pupils P of an observer, and an observer can ?t the display 50 C: curvature at Vertex 
apparatus 1C on his/her head comfortably. 

k: conic constant 

Eleventh Embodiment; See FIG. 13 A, B, C, D, E, F, G, H, J: 4th, 6th, 8th, 10th, 

FIG. 13 shoWs a display apparatus 1D according to the 55 12th’ 14th’ 16th’ 18th’ 20th “liable coefficients 

eleventh embodiment of the present invention. In the display 
apparatus 1D, the magnifying optical system 20 is composed 

TABLE 2 

Sixth and Seventh Embodiment 

radius of 
surface curvature material position and aspherical data 

1 pupil INFINITY air X 0 Y 0 Z 0 
A 0 B 0 C 0 
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TABLE 2-continued 

Sixth and Seventh Embodiment 

radius of 
surface curvature material position and aspherical data 

2 mirror INFINITY re?ective X 0 Y 3.934 Z 49.717 
surface A 10.030 B 0 C 0 

axially asymmetric Y —1.93E—01 X2 —1.31E—02 Y2 —1.25E—02 
aspherical surface X2Y —4.24E-05 Y3 —2.34E—05 X4 —3.86E—06 

X2Y2 —7.48E—06 Y4 —1.16E—06 X4Y 5.07E-08 
X2Y3 —3.75E—07 Y5 —4.41E—09 X6 1.12E-08 
X4Y2 8.33E-08 X2Y4 3.66E-09 Y6 —1.48E—09 
X6Y 4.95E-10 X4Y3 8.87E-09 X2Y5 2.43E-09 
X6Y2 —4.75E—10 X4Y4 1.08E-10 X2Y6 —1.75E—11 
X6Y3 —7.54E—11 X4Y5 —1.79E—11 X6Y4 —4.86E—12 
X4Y6 1.44E-12 

3 display INFINITY BK7 X 0 Y —10.210 Z 33.757 
surface A 9.427 B 0 C 0 

TABLE 3 

Eighth Embodiment 

radius of 
surface curvature material position and aspherical data 

1 pupil INFINITY air X 0 Y 0 Z 0 
A 0 B 0 C 0 

2 mirror INFINITY re?ective X 0 Y —2.913 Z 40.609 
surface A 4.052 B 0 C 0 

axially asymmetric Y —1.04E—01 X2 —1.14E—02 Y2 —1.10E—02 
aspherical surface X2Y —3.90E—06 Y3 1.17E-05 X4 —9.64E—07 

X2Y2 —4.97E—06 Y4 —4.88E—06 X4Y —1.63E—06 
X2Y3 —1.26E—07 Y5 —3.29E—07 X6 —4.10E—08 
X4Y2 1.42E-07 X2Y4 —2.69E—07 Y6 4. 83E-08 
X6Y 3.85E-08 X4Y3 5.61E-08 X2Y5 6.82E-08 
X6Y2 —1.89E—09 X4Y4 —3.28E-09 X2Y6 —4.20E—09 
X6Y3 —1.65E—09 X4Y5 —1.11E—09 X6Y4 2.11E-10 
X4Y6 7.23 E- 11 

3 mirror INFINITY re?ective X 0 Y —5.000 Z 25.000 
surface A —25.000 B 0 C 0 

4 display INFINITY BK7 X 0 Y —12.272 Z 24.557 
surface A 121.582 B 0 C 0 

TABLE 4 

Ninth Embodiment 

radius of 
surface curvature material position and aspherical data 

1 pupil INFINITY air X 0 Y 0 Z 0 
A 0 B 0 C 0 

2 mirror INFINITY re?ective X 0 Y —27.488 Z 45.655 
surface A —28.723 B 0 C 0 

rotational K —0.09268 A —0.21E—05 B 0.16E-08 
symmetrical C —0.63E—12 D —0.19E—15 

aspherical surface 
3 display INFINITY BK7 X 0 Y —10.230 Z 31.957 

surface A 4.674 B 0 C 0 

In the sixth through ninth embodiments, the angle of ?eld 55 
of the screen is 14 degrees in the X direction and 10 degrees 
in theY direction. In the tenth embodiment, the angle of ?eld 
of the screen is 10.7 degrees in the X direction and 8 degrees 
in the Y direction. In the eleventh embodiment, the angle of 
?eld of the screen is 14 degrees in the X direction and 10 
degrees in the Y direction. 
When the angle of ?eld in the horizontal direction Qi 

direction) and the angle of ?eld in the vertical direction (Y 
direction) are different from each other, it is preferred that the 
concave re?ective mirror 21 or 23 is decentered in the direc 
tion in Which the angle of ?eld is smaller. As the amount of 
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decentration of a concave re?ective mirror becomes larger, 
the aberration caused thereby becomes more remarkable. 
Therefore, if the concave re?ective mirror is decentered in the 
direction in Which the angle of ?eld is smaller, the amount of 
decentration is smaller, and the aberration caused thereby is 
Weaker. 

Other Embodiments 

Although the display apparatuses according to the second, 
third and fourth embodiments are observing systems (optical 
systems for forming virtual images), these apparatuses can be 






